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 A optimized process parameters for depositing the zirconia coating were being developed by using multi arc ion plating technique.
 A ZrN/ZrO2 multilayer specimen that possesses symmetrical structure (thickness of each sublayers: 345 nm) and a suitable modulation ratio (1:1) showing excellent toughness and corrosion resistance properties.
 Multilayer structure has integrated the advantages of the sub-layers in toughness and corrosion resistance, and the interfaces should blocked the diffusion path of the cracks during serviced in a
Introduction
Type 304 stainless steel (304 SS) is one of the most widely used chrome-nickel SS because of its good corrosion resistance, heat resistance, mechanical and machinable properties. However, when it is used in an environment containing chloride ions, several corrosion related phenomena such as stress induced corrosion, pitting corrosion and intergranular corrosion often occur, and it is well known that the chloride ions are commonly existed in salt, sweat, sea water and soil. In recent years, research has been focused on solving the above problems using various types of coatings, such as TiN [1] , ZrN [2] , TiAlN [3] , TiSiN [4] , ZrO2 [5] , Ti/TiN [6] , CrN/TiN [7] , TiN/TiAlN [8] . Among these coatings, ZrN has an outstanding anti-corrosion property, and zirconium metal possesses a high melting point and a good corrosion resistance. This is critical because during deposition of nitride or oxide coatings using metallic targets, the existence of metal particles in the coating due to the fast deposition is inevitable, thus the corrosion resistance of the coating will be affected by these metallic particles.
Whereas for ZrN, its corrosion resistance in a harsh environment such as in a concentrated hydrochloric acid is generally not as good as oxide ceramics [5, 9] . For ZrN coating, oxygen is easily absorbed on its surface thus the surface is commonly covered by a layer of ZrO2 [2] . Zirconia is an important ceramic material for industry applications due to its wide band gap and thermal stability, the latter of which is attractive to be used as a coating for stainless steel [10] . In addition, for a better corrosion resistance, the coatings with bilayer or multilayer architectures are commonly used and show a better performance than single layer coating [11, 12] .
Based on this, we proposed that the ZrO2/ZrN multilayered coatings should be a strong corrosion-resistant coating for the 304 SS.
Currently, several techniques are commonly used to deposit ZrO2 coating on SS surfaces: sol-gel deposition [13] , hydrothermal process [10] , pulsed laser deposition [14] , chemical vapor deposition [15] , ultrasonic spray pyrolysis-nitriding and magnetron sputtering technique [5] . Whereas ZrN coating with a compact structure of face center cubic (FCC) and smooth surface for a good corrosion resistance were mostly deposited using physical vapor deposition (PVD) techniques [16] . Among these methods, multi-arc ion plating technique (MAIP) [17, 18] is widely used in industrial production due to its high deposition rate and good interfacial bond strength between film and substrate. Therefore, optimising the process parameters of MAIP to achieve a rapid deposition of zirconia coating is of great significance.
In this study, single-layer ZrN, bilayer and multilayer ZrN/ZrO2 coatings were deposited using the MAIP. All the coating samples were characterized using X-ray diffraction (XRD), scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS). Their corrosion resistance properties were evaluated using a potentiodynamic polarization method in different chloride ion media including 3.5 wt% NaCl, 10 wt% HCl and 20 wt% HCl solutions, respectively.
Experimental details
Commercial stainless steel sheets (304 SS) were used as the substrate. Before deposition, the 304 SS substrates of 15×15×3 mm 3 in size were cleaned in an ultrasonic bath with acetone and ethanol for 10 min, respectively, then plasma-cleaned in a deposition chamber using a bias voltage of 800 V in an argon plasma. Single layer ZrN, bilayer ZrN/ZrO2 and multilayer ZrN/ZrO2 coatings were deposited onto the substrates using the MAIP. TiAl alloy target (50 at.% of aluminum and 50 at.% of titanium) and zirconium target both of 62 mm in diameter were arranged on a cylindrical chamber wall (700 mm in height and 900 mm in diameter).
The substrates were mounted onto a rotational holder at the center of the chamber.
The minimum separation between the target and substrate was 300 mm, and the holder was rotated at a speed of 7 rpm. The deposition was conducted under a negative bias of -100 V with a duty cycle of 30% at 573 K, and the deposition pressure was 1.2~1.7 Pa. The DC arc sources were operated at 80 A, 17.3 V for TiAl target and 90 A, 22.4V for Zr target. During the deposition, the working gas was a mixture of argon and nitrogen for ZrN (whereas argon and oxygen for ZrO2), and the flow rates of Ar, N2 and O2 were 12, 80 sccm and 70 sccm, respectively. In order to improve the coating adhesion, a 50 nm TiAl buffer layer was deposited before the nitride or oxide coatings. Some key deposition parameters are listed in Table 1 . Electrochemical experiments were conducted using an Autolab (PGSTAT 128N) station. The coated specimens with a surface area of 1 cm 2 were adopted as the working electrode. Graphite rod and saturated calomel electrode were used as counter and reference electrodes, respectively. Prior to the beginning of the polarization procedures, the specimens were submerged for 60 minutes in order to establish the free corrosion potential (Ecorr) [19, 20] . A linear sweep voltammetry with a scanning rate of 5 mV/s [21, 22] was applied in three types of chloride electrolyte solutions: 3.5 wt% NaCl, 10 wt% and 20 wt% hydrochloric acid.
Results and Discussion

Coating characterization
Cross-sectional SEM images of the deposited coatings are shown in Fig. 1 The multilayer coating structures shown in Fig. 1c clearly reveal the distinct interfaces and dense structures of each sub-layer with an interface density of 1/345 nm -1 (345 nm thick for each sub-layer). The deposition rates of each sub-layer in the multilayer coating are slightly lower than those of the continuous deposition samples (i.e. single layer and bilayer coatings). For the MAIP process, the deposition rate is related to the chamber temperature and interface status (epitaxial growth or not) of each sub-layer. During the continuous deposition, the chamber temperature was increased slowly from 300 ℃ to 350 ℃ for the unremitting thermal radiation from the target surface, whereas it was kept at 300 ℃ during the multilayer coating deposition process. Furthermore, interface pinning/interface mixing [23, 24] will happen at the interfaces of ZrN and ZrO2 sub-layers, thus resulting in denser microstructures and lower deposition rates than the continuous deposition specimens. From XPS spectra of Zr-3d shown in Fig. 3 , there are some apparent differences in the Zr states. The Zr-N bond at 179.9 eV (Fig. 3-a) correspond to an unsaturated covalent compound ZrNx (x0.68), the element N is easily to be replaced by element O, so the N (or O) within the interface of ZrN sub-layer and ZrO2 sub-layer should be a graded distribution which can strengthen the interfacial bonding of sub-layers. From the Zr-3d spectra of ZrO2 top-layer for bilayer specimen (Fig. 3-b) , the three peaks at 185.8 eV, 183.4 eV and 180.7 eV are corresponding to ZrO2 (3d-3/2), ZrO2 (3d-5/2) and ZrOx (3d-5/2) respectively. The small peak at 179 eV corresponds to metallic state of Zr (3d-5/2), which only accounts for approximately 2 percentage and can be attributed to the metal droplets generated during deposition process when using MAIP technique.
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The scratched morphology and the corresponding acoustic emission spectra are displayed in Fig. 4 . The critical loads for the single layer ZrN, bilayer ZrN/ZrO2, multilayer ZrN/ZrO2 correspond to scale flaking are 48 N, 15 N, 38 N, respectively.
[25] The bilayer specimen shows a serious peeling-off on both sides of the scratch mark, and that of single layer ZrN specimen is flat and smooth. The multilayer sample has a good bond strength of 38 N which is higher than that of bilayer sample, and the scratch morphology is similar to that of single-layer ZrN. Obviously, the brittleness of oxide ZrO2 is higher than that of nitride ZrN. Therefore, the good design of multilayer structure (i.e., the ratio of thickness for each sub-layer was 1:1) not only reduces the film stress from interfaces effectively, but also integrates the toughnesss of ZrN sub-layer into the multilayer system, which results in satisfactory mechanical properties.
Corrosion resistance
The electrochemical performance of coated 304 SS was investigated using potentiodynamic polarization measurements in different chloride solutions. Fig. 5 shows the curves of linear polarization for the coating specimens tested in 3.5 wt% NaCl solution, and the curve of uncoated 304SS is also shown for comparisons. The obtained values of corrosion potential Ecorr and corrosion current density Icorr of all coated samples are listed in Table 2 , and they are clearly lower than those of uncoated stainless steel. For the potentiodynamic polarization curve, Icorr is the critical parameter for evaluating the corrosion resistance of materials, and the lower this value, the better corrosion resistance (supposing the parameter of Ecorr does not change significantly). From both Fig. 5 and that the ZrO2 exhibits a good corrosion resistance in the 3.5 wt% NaCl solution, which has previously been reported in literature [9, 21] . All the values of Ecorr in 3.5
wt% NaCl (listed in Table 2 ) are very close to each other and have minor changes (from 0.335V to 0.401V).
Detailed studies of the surface morphology of the samples after potentiodynamic polarization tests showed apparent differences (see the first column in Fig .8 ). All the tested samples were washed with DI water, and exposed in air for observation. The ZrO2 in the bilayer coating was found to peel-off totally with only discontinuous ZrN layer left on the surface after exposed for 3 hours as shown in image b-1 (Fig.8) .
Compared with the polarization curve in Fig. 5 , the anode polarization current for the bilayer sample was rapidly increased to the similar value of the 304 SS at 0.02 V, indicating that the corrosive medium reached the surface of the substrate during the corrosion tests. This proves that the ZrO2 layer is fragile with large stress. On the contrary, the surfaces of ZrN coating and multilayer coatings after corrosion tests and then exposed for a few days were similar to those before testing, and that of uncoated 304SS showed several spots which indicate the pitting corrosion was occurred during the test. In theory, ZrO2 is an amphoteric oxide which becomes reactive under conditions of strong acid or strong alkaline. In addition, because it was deposited using the PVD method, the crystallization of ZrO2 coating is not as good as those from the sintered ceramics. In the concentrated hydrochloric acid solution, the metastable zirconia is gradually eroded into a complex-ion based ZrCl6 
In the concentrated hydrochloric solution, the cathode region of Tafel curve of multilayer coating is smooth indicating that no other corrosion reactions occur, and equation 1 would be the only polarization reaction. The reaction product at the beginning of anode polarization process (ZrOCl2) could be further crystallized into a solid state and then attached to the surface of ZrO2 top-layer. This will result in another cathodic polarization reaction as below:
The anode polarization process should be divided into three stages: i.e., (1 
